Abstract Intracrystalline water adsorption of Ca-montmorillonite was calculated as the product of onehalf the interlayer spacing from X-ray powder diffraction analysis and the difference between the desorption surface area determined with ethylene glycol-monoethyl ether and BET surface area determined by N2 adsorption. Osmotic adsorption was calculated as the product of the N2 surface area and theoretical double layer thickness. Measured water adsorption of P2Os-dry clay, compacted to initial densities (3'o) from 0.52 to 1.59 g/cm 3 and submerged in 0.01 N CaCl2 was 2.4 to 4.2 times greater than intracrystalline plus osmotic adsorption due to the occurrence of pores exceeding double layer dimensions. The increase in expansion caused by reducing electrolyte concentration to 0.001 N was equal to the predicted increase in double layer volume, verifying the existence of an osmotic component to swelling.
INTRODUCTION
Water adsorption by clay minerals has been described in terms of an initial crystalline phase and a later osmotic phase (Norrish, 1972) . The former concerns the adsorption of the first few "layers" of water on mineral surfaces driven by surface and cation hydration energies (Sposito and Babcock, 1966; Kittrick, 1969) . Further adsorption has been termed osmotic since it has been considered to be due to chemical potential gradients between free and adsorbed water (Verwey and Overbeek, 1946; Bolt and Peech, 1953; Norrish, 1972) .
A quantitative treatment of osmotic swelling was first made by Schofield (1946) based on the Gouy-Chapman double layer theory. While this theory has limitations due to a number of simplifying assumptions (Bolt and Peech, 1953; Bolt, 1955; Low, 1959; Rosenquist, 1962) , predicted osmotic pressures have corresponded fairly well with swelling pressures developed by Na-montmorillonite, at least below 50 atm and following an initial compression (Bolt and Miller, 1955; Warkentin et al., 1957; Norrish and Rausell-Colom, 1963; Barclay and Ottewill, 1970; Walker, 1975) .
Measured swelling pressures of Ca-montmorillonite, however, fall well below values predicted in a similar manner (Warkentin et al., 1957) . Clearly, attractive forces of a much greater magnitude exist between Copyright 9 1980, The Clay Minerals Society montmorillonite platelets saturated with Ca than with Na. X-ray powder diffraction studies suggest that Camontmorillonite exhibits an energy minimum deep enough to restrict expansion beyond an interlayer spacing of -10/~ following initial platelet collapse (Keren and Sbainberg, 1975) . The resulting structures, composed of oriented platelets which undergo limited interlayer expansion, have been variously described as packets, domains, turbostratic groups, tactoids, and quasicrystals (Aylmore and Quirk, 1960; Blackmore and Miller, 1961; O'Conner and Kemper, 1969) . By hypothesizing the existence of quasicrystals composed of neatly stacked platelets which develop diffuse double layers on exterior surfaces only, Blackmore and Miller (1961) achieved more reasonable agreement between measured swelling pressures of Ca-montmoritionite and pressures calculated from double layer theory.
In systems exhibiting quasicrystalline structure, two components of swelling may be distinguished. One is due to adsorption on intracrystalline surfaces and is restricted to a few water "layers" by cation-surface and surface-surface interactions. The second is due to diffuse double layer development on external surfaces which are unconstrained by planar surface interactions. The amount of intracrystalline swelling will depend upon surface charge characteristics, exchange complex composition, and water vapor pressure (Kittrick, 1969; Keren and Shainberg, 1975) , as well as on intracrystalline surface area. The amount of external, osmotic adsorption will be governed by surface charge characteristics, exchange complex and bulk solution composition, and external surface area.
There is considerable disagreement in the literature regarding the relative contributions of osmotic and intracrystalline water adsorption to total adsorption and swelling in soils. Van Olphen (1975) suggested that over the normal moisture range the osmotic component is the predominant cause of soil swelling. In a statistical study, Greene-Kelly (1974) concluded that intracrystalline shrinkage accounted for only a fraction of the total shrinkage from pF 6 to 4. Contrary to this, Aylmore and Quirk (1962) postulated that diffuse double layer formation is of little significance in systems with divalent exchangeable cations, and Quirk (1978) suggested that swelling in such systems is largely a capillary phenomenon. Schafer and Singer (1976) reported fair success with a model which assumes that all soil swelling results from intracrystalline adsorption. Blackmore and Miller (1961) demonstrated that precompression of Ca-montmorillonite pastes increased intracrystalline surface area at the expense of external surface area. It has also been shown that potential swelling increases with increasing initial density (Holtz and Gibbs, 1959) . Whether the effect of compaction on swelling is related to changes in osmotic and intracrystalline water adsorption or to other mechanisms is not clear.
The purpose of this paper is to elucidate the mechanisms of water adsorption and swelling and to evaluate the effects of compaction on their relative contributions to total water adsorption and expansion of Ca-montmorillonite.
METHODS AND MATERIALS

Theoretical
Osmotic and intracrystalline water adsorption by compacted Ca-montmorillonite was calculated by assuming the existence of discrete quasicrystals which develop fully extended, diffuse double layers on external surfaces, but exhibit limited intracrystalline expansion. From geometrical considerations, intracrystalline adsorption by such a system will be given by the product of internal surface area and one-half the interlayer separation. Osmotic adsorption will equal the product of external surface area and double layer thickness.
The low temperature BET surface area determined by N2 adsorption was taken as a measure of external surface area (Van Olphen, 1975) . Internal surface area was taken as the difference between the total surface area measured by ethylene glycol-monoethyl ether (EGME) and the N~ surface area. Interlayer spacing was computed as the difference between c-axis spacing from X-ray powder diffraction analysis (XRD) and the solid crystal thickness taken as 9.6 ,~. Double layer thickness (D) was calculated as:
where 8 is the Stern layer thickness taken to be 5 A (approximately two water layers) and lhr is the Gouy layer thickness. In the general case:
where e is the permittivity of the medium, k is Boltzmann's constant, T is the absolute temperature, e is the electronic charge, and n~ and z~ are the concentration in ions/cm a and charge, respectively, of ions in bulk solution. Permittivity is the product of relative permittivity taken as 80 and the permittivity of a vacuum.
Experimental
Wyoming montmorillonite (The Clay Minerals Society Source Clay Repository SWy-1) was Ca-saturated by washing three times with 1 N CaCI._, followed each time by centrifugation and decantation. Excess salts were removed with distilled water washes followed by 1:1 water-methanol and acetone washes until a negative AgNO:~ test was obtained. The 80~
clay was gently ground with mortar and pestle and stored in a desiccator over P205.
A total surface area of 810 m2/g was determined by desorption of EGME over a CaCI._,-EGME slurry (Carter et al., 1965) , assuming that 2.86 • 10 4 g EGME covers 1 m 2 of surface. A c-axis spacing of 13.3 ~ was found for P.,Q.dry, Ca-saturated clay by XRD of an oriented sample in a closed goniometer chamber containing PeOs. The c-spacing in a 100% relative humidity chamber was 19.4 ~l. The specific gravity of 105~ clay was found to be 2.70 g/cm 3 by water displacement.
Cores measuring 36 mm in diameter and 10 mm in height were prepared by static compaction of P~O.~-dry Ca-montrnorillonite in 38 mm high stainless steel rings by means of a hydraulic press. The bottom of each ring was secured to a 6-ram thick porous stone. Quantities of clay in each ring were adjusted to yield cores with densities from 0.52 to 1.59 g/cmL Densities were expressed on a 105~ basis by correcting for the moisture content of P2Q-dry clay which was found to be 0.08 g/g. A 0.5-1.0-g subsample from each core was carefully chipped loose so as to minimize disturbance of the clay structure and saved for N2 gas adsorption measurements. The holes in the cores were refilled with the same quantity of clay that was removed. Porous stones of 35-ram diameter were placed inside each ring on top of the core, and initial height readings were made to the nearest 0.001 inch with a tripod-mounted strain gauge.
Cores having initial densities of 0.52, 0.75, 1.06, 1.37, and 1.59 g/cm'* were submerged in 0.01 N CaCI2. A sec- ond core of density 1.06 g/cm 3 was submerged in 0.001 N CaCI._, and a third in 0.01 N Ca(H._,PO4)2. A fourth core was allowed to equilibrate with water vapor in a desiccator containing distilled water. Weight and height readings were recorded until they stabilized in 5 weeks, after which 0.01 N CaCI=, was added to the sample a few drops each day for several weeks until free solution was evident on the top porous stone.
At the completion of each test, height readings of each sample were taken from which final volumes were calculated. Specific volume change was calculated as the change in volume per unit mass of sample. Total water adsorption was assumed to be equal to the final void volume, computed as the difference between total final volume and the calculated volume of solids. Portions of each core were freeze-dried following immersion in liquid N~ and saved for surface area and poresize distribution analyses.
Nitrogen gas adsorption measurements were performed with a Micromeritics Model 2100-D gas adsorption apparatus. Samples were degassed overnight at 200~ to a pressure of <2 ~m Hg. Isotherms were determined at liquid N., temperatures which were measured to the nearest 0.01~ Surface areas were calculated by applying the BET equation to adsorption data in the range 0.05 to 0.30 P/Po assuming a surface area forN2 of 16.2 A 2 per molecule. Complete adsorption and desorption isotherms were determined for samples taken from cores prior to wetting. The distribution of pores in the range 10-1000 A were calculated from N, desorption data by employing the Kelvin equation and assuming a pore geometry consisting of parallel slits (Aylmore, 1974) . The contact angle between Nz and the clay surface was assumed to be zero. Plate separation distances used in the Kelvin equation were corrected for film thickness not attributable to capillary condensation using a Halsey-type expression: t = 3.54(-2.58/ln p/po) ~
where t is film thickness and p/p,) is the relative pressure. Eq. (3) was derived from data compiled by Adamson (1976) for Ne adsorption by various nonporous solids. Pore size distributions were also determined for several samples by Hg intrusion through the courtesy of , Quantachrome Corporation. Pore size was calculated from the Young-Laplace equation:
where d is the plate separation, P is the pressure, YHg is the surface tension of Hg, and 0 is the contact angle between Hg and clay which was assumed to be 140 ~
RESULTS AND DISCUSSION
Effects of initial density
Pore-size distributions by Ne desorption of Ca-montmorillonite samples prior to wetting are shown in Figure 1 . A gradual increase in the fraction of pores < 103 /~ is evident as density increases from 0.52 to 1.37 g/ cm 3 followed by a dramatic increase for the highest density sample. Mercury intrusion analyses on the 0.52-and 1.06-g/cm ' samples agreed with N2 data within a few percent for the volume of pores < 103/k in diameter and indicated that the volume of pores < 104 ]~ in diameter was 79 and 98%, respectively. Dry static compaction had little effect on Nz BET surface areas. Initial samples of density 0.52-1.37 g/cm ' had N2 surface areas of 21-23 mVg. The ratio of total surface area to N., surface area suggests a statistical quasicrystalline thickness of 35-39 platelets. Compaction to 1.59 g/cm 3 increased the N, surface area to 28 mVg indicating a disruption of structural units due perhaps to intracrystaUine shear. Pressures generated during wetting apparently reversed this process, since final N._, surface areas for all treatments were 20-22 m2/g. Final N_, surface areas were used to calculate osmotic and intracrystalline adsorption.
The measured variations in Ne surface area resulted in only small differences in predicted osmotic plus intracrystalline adsorption in 0.01 N CaCle as a function of initial density. However, as seen in Figure 2 , measured water adsorption varied greatly with initial density. The difference between measured and predicted adsorption represents the volume of water present external to non-overlapping double layers. The decrease in this "occluded water" as density increased from 0.52 to 1.37 g/cm 3 is readily explained by the observed reduction in the initial volume of pores which exceed double layer dimensions (Figure 1 ). The increase in "occluded water" for the highest density sample, however, indicates that additional factors must be considered. Evidently, expansion beyond double layer dimensions can take place.
What could cause this enhanced expansion? On immersion, a wetting front will move inward drawn by capillarity. If air diffusion is limited, gas pressures will develop which may induce expansion. The magnitude of these entrapped air pressures should vary inversely with pore size in accordance with the Laplace equation:
where P is the pressure, yw is the surface tension of water, and d is the plate separation. The observed reduction in pore size during compaction will then have two opposing effects: (1) a reduction in the initial pore volume exceeding double layer dimensions, and (2) an increase in entrapped air pressures. It is significant that the increase in "occluded water" for the highest density sample (Figure 2 ) is associated with the most pronounced reduction in pore size ( Figure 1) . As a first approximation, the change in intracrystalline volume can be equated with the contribution of intracrystalline swelling to total expansion; osmotic adsorption is assumed to be equal to the contribution of osmotic swelling. Intracrystalline and osmotic swelling, thus estimated, are shown in Figure 3 along with measured specific volume changes after submersion in 0.01 N CaCI.,. Estimated osmotic and intracrystalline expansion remained virtually constant, yet measured expansion increased continuously with increasing initial density. These increases in expansion closely follow the observed reductions in pore size (Figure 1) reflecting the increase in entrapped air pressures predicted by Eq. (5). The greatest increase in expansion occurred between 1.37 and 1.59 g/cm 3 density, corresponding again to the most marked reduction in initial pore size. Roughly 50 to 75% of the total expansion following submersion in 0.01 N CaCI., is attributable to -
Effects of compaction on expansion of P~Os-dry cores. (El) measured total expansion after submersion in 0.01 N CaC12; (E) measured total expansion following slow wetting with 0.01 N CaCI2 preceded by vapor wetting; ( 9 estimated osmotic swelling in 0.0l N CaCI~; (~) estimated intracrystalline swelling.
swelling caused by entrapped air pressures depending on initial density. Of the remainder, about 75% is estimated to be due to intracrystalline swelling and about 25% to osmotic swelling (Figure 3) .
Effects of electrolyte
Reducing the concentration of CaCI=, from 0.01 to 0.001 N should increase osmotic adsorption by 0.11 cm3/g as double layer thickness increases from -30 to 83 A, but it should have no effect on intracrystalline adsorption. Measured total adsorption was found to be 1.34 and 1.45 cm3/g for submersion of 1.06-g/cm 3 initial density samples in 0.01 and 0.001 N CaCI=,, respectively. Their respective specific volume changes were 0.77 and 0.88 cm3/g. These increases in water adsorption and expansion caused by reducing electrolyte concentration are equal to the predicted increase in osmotic adsorption. The existence of an osmotic component to water adsorption and swelling appears to be confirmed. Double layer theory does not predict a difference in H20 adsorption for surfaces in contact with CaCl., or Ca(H.,PO4)., solutions of the same concentration. Measured specific expansion and adsorption, however, increased by 0.15 cma/g when 1.06-g/cm 3 initial density samples were submerged in 0.01 N Ca(H.,PO4)., rather than in 0.01 N CaCl2. Specific adsorption of phosphate on mineral edges would be expected to reduce edge-toface interactions. The importance of edge-to-face bonds in limiting expansion has been noted by other authors (Norrish and Rausell-Colom, 1963; Rowell, 1965) . 
Effects of rate of wetting
Vapor HeO adsorption by the 1.06-g/cm 3 initial density sample plateaued at a water content of 0.30 g/g and a specific volume change of 0.17 cm3/g. Following gradual wetting with 0.01 N CaCI2, water adsorption increased to 0.90 cm:~/g resulting in an additional 0.20 cm3/ g expansion. Total expansion was thus reduced from 0.77 cm3/g for immediate submersion in 0.01 N CaC1._, to 0.33 cm3/g for the slow wetting procedure. The estimated intracrystalline plus osmotic swelling was 0.30 cm'Vg. This leaves only an expansion of 0.03 cm3/g unaccounted for during slow wetting as opposed to 0.47 cm3/g during rapid wetting.
The close agreement between estimated and measured swelling for slow wetting may be fortuitous to some extent, but the dramatic effect of rate of wetting further confirms the importance of swelling caused by entrapped air. During wetting from the vapor state, no capillary pressures will develop in response to the advance of a wetting front, because no true wetting front exists. The gradual addition of liquid water or dilute electrolyte favors the dissipation of entrapped air because of the localized nature of the wetting front. Thus, swelling due to entrapped air is greatly reduced during slow wetting. This interpretation is supported by results of Emerson (1964) who reported that sample evacuation prior to submersion also reduced swelling.
The foregoing scenario is supported by the changes in pore size distribution observed following slow and fast wetting given in Table 1 . Slow wetting produced a 0.28-cm3/g increase in the volume of pores 103-l(P A in diameter and a 0.08-cm3/g increase in pores > 104 A in diameter, while rapid wetting resulted in a 0.14-cm3/g decrease in pores 103-104 ,~ in diameter and a 1.17 cm3/ g increase in pores >104 .A, in diameter. This pronounced expansion of 103-104-,~ pores during rapid wetting cannot be accounted for by the extension of double layers which are less than 100 A in thickness.
SUMMARY AND CONCLUSIONS
Dry static compaction had little effect on predicted osmotic or intracrystalline water adsorption. In 0.01 N CaCI~, estimated intracrystalline expansion was about 4 times greater than estimated osmotic expansion, but in 0.001 N CaCI~ it was about 1.5 times greater. The existence of an osmotic component to swelling was confirmed by determining that the measured increase in swelling caused by decreasing electrolyte concentration was equal to the predicted increase in double layer volume. Edge-to-face bonds were found to reduce expansion significantly.
From about 50 to 75% of the total swelling which followed submersion of Ca-montmorillonite in 0.01 N CaC12 was attributed to expansion caused by gas pressures which develop ahead of advancing wetting fronts. These pressures should increase with decreasing pore size in keeping with the Laplace equation. Accordingly, compaction increased swelling caused by entrapped air pressures as pore size was diminished. Slow wetting ameliorated this expansion by allowing dissipation of entrapped air.
